ABSTRACT Hepatocytes from adult rats were maintained in primary culture for up to 10-13 days on nylon meshes coated with a thin layer of rat tail collagen gel. Their ultrastructu're closely resembled that of the liver parenchymal cell in vivo, but hepatocytes in late culture exhibited a pronounced buildup of microfilaments beneath their apical cell surface. Hepatocytes in earl and late cultures secreted albumin, transferrin, and al-acid glycoprotein into the medium; they exhibited a 7-to 10-fold induction of tyrosine aminotransferase activity by dexamethasone; and they expressed an alkaline phosphatase that was similar to that of normal rat liver with respect to its inhibition by the liver enzyme inhibitor L-homoarginine. In addition, the hepatocytes in culture demonstrated phenotypic changes characteristic of fetal liver parenchymal cells. These changes, which paralleled an increase in DNA synthesis, included the expression of and linear increase in the activity of the fetal liver cell enzyme y-glutamyl transpeptidase, an increased production of a1-fetoprotein, and a c ange in the substrate specificity of fructose-bisphosphate aldolase to that of the fetal liver isozyme.
obtained from International Scientific Industries (Cary, IL). Insulin, collagenase (type 1), L-y-glutamyl-p-nitroanilide, glycylglycine, p-nitrophenyl phosphate, D-fructose 1,6-bisphosphate, D-fructose 1-phosphate, and a-glycerophosphate dehydrogenase-triosephosphate isomerase were purchased from Sigma. Dexamethasone phosphate was purchased from Merck, Sharp & Dohme; NADH from Boehringer Mannheim; and L-(+)-homoarginine from Aldrich. y-Glutamyl-4-methoxy-2-naphthylamide was obtained from Vega-Fox Biochemicals (Tucson, AZ), and [methyl-3H1thymidine (40-60 Ci/mmol) was purchased from New England Nuclear.
Preparation of Collagen Gel/Nylon Mesh Substratum. Swiss nylon monofilament mesh fabric (Nitex HC3-253) was purchased from TETKO (Elmford, NY). Circular meshes were cut from the fabric to fit the bottoms of 100 X 20 mm tissue culture dishes (Falcon). Meshes were consecutively washed with 95% ethanol and distilled H20, dried, and autoclaved. To coat the mesh with collagen gel, 3.5 ml of a rat tail collagen solution (8) was evenly spread in a tissue culture dish. The mesh was then placed into the dish and gently tapped with a sterile forceps until its top surface became covered with the collagen solution. To this was added 0.86 ml of a 2:1 mixture of 10 times concentrated Hi/Wo/Ba medium and 0.34 M NaOH (8) . The dish was then gently shaken until the mesh became evenly coated with a thin collagen gel matrix. Coated meshes were individually placed into culture dishes containing 7 ml of L-15 medium and stored in a 37°C incubator for 24 hr before use.
Cell Isolation and Culture Conditions. Hepatocytes were isolated from normal adult male albino rats (Holtzman, 200-230 g) by the collagenase perfusion method of Berry and Friend (9) as modified by Bonney et al. (10) . The cells were then sedimented and washed in L-15 medium as described (8) . Hepatocytes were finally suspended in L-15 medium at pH 7.4 supplemented with Hepes (18 mM), albumin (2 mg/ml), penicillin (100,g/ml), streptomycin (100 jig/ml), glucose (1.5 mg/ml), insulin (0.5 ,ug/ml), and 5% fetal calf serum and plated at a density of 10-14 X 106 cells per mesh. The cultures were maintained at 37°C in air in an incubator. After incubation for 4 hr, the meshes with attached cells were transferred to culture dishes containing 7 ml of fresh medium. During this period, between 50 and 60% of the plated cells attached to the mesh/gel substratum. The medium was replaced with serum-free medium after the first 24 hr of incubation, and fresh medium changes were made every 24 hr thereafter.
Cell Harvest Conditions. Meshes with attached cells were washed three times with phosphate-buffered saline (pH 7.4). The washes were discarded, and 7 ml of collagenase solution in phosphate-buffered saline (1 mg/ml) was added to each culture. After a 10-min incubation at 370C, the detached cells were collected with a pasteur pipette and placed in 15-ml Corex centrifuge tubes. This treatment was sufficient to release 100% of the cells from their substratum. The cells were then pelleted by centrifugation in the cold at 1000 rpm for 10 min in a Sorvall GLC-1 centrifuge. The resulting cell pellets were washed three times in 5 ml of phosphate-buffered saline and then resuspended in the appropriate buffers for subsequent biochemical analysis.
Enzyme and Chemical Assays. y-Glutamyl transpeptidase activity was assayed at 25°C according to a slight modification of the procedure of Tateishi et al. (5) The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. mined as described (11) in 1.0 ml of 0.07 M 2-amino-2-methyl-1,3-propanediol buffer, pH 10.0, containing 5 mM p-nitrophenyl phosphate and 5 mM MgCl2. Reactions were run at 370C after a 45-min preincubation of the enzyme sample at 00C in buffer or with 25 mM L-homoarginine, an inhibitor of liver-type alkaline phosphatase (12) . The fructose-bisphosphate aldolase activities were determined. according to a slight modification of the procedure of Lebherz and Rutter (13) . Activities were assayed at 250C in 1.0 ml of 0.1 M Tris buffer, pH 7.5, containing 0.3 mM NADH, 25 ,g of a-glycerophosphate dehydrogenase-triosephosphate isomerase, and either 2.5 mM fructose 1,6-bisphosphate or 10 mM fructose 1-phosphate. Tyrosine aminotransferase activity was assayed at pH 7.6 by the procedure of Diamondstone (14) . Protein was determined by the method of Lowry et al. (15) with bovine serum albumin as a standard. DNA was measured according to Burton (16) , as modified by Bonney et al. (10) , with calf thymus DNA as a standard, or by a slight modification of the fluorometric procedure of Kissane and Robins (17) .
Histochemical Determination of -t-Glutamyl Transpeptidase. 'y-Glutamyl transpeptidase activity was determined histochemically by a slight modification of the procedure of Rutenburg et al. (18) . Meshes with attached hepatocytes, cell smears, or cryostat sections of frozen cell pellets isolated from the meshes were fixed for 30 min in ice-cold acetone. The cells were then incubated for 30- The cells were collected at the indicated times, and the incorporated radioactivity was measured either directly in DNA purified on CsCl gradients (25) or by autoradiography of cell smears and serial cryostat sections of frozen cell pellets. The cell smears and serial sections were stained with hematoxylin and eosin or for y-glutamyl transpeptidase activity, and the percentage of hepatocytes undergoing DNA synthesis was determined from random counts of [3H]thymidine-labeled nuclei per thousand cells.
RESULTS
The hepatocytes formed a confluent monolayer-by 24-48 hr after plating and could be maintained in culture for up to 10-13 days. Phase-contrast microscopy of the hepatocytes in monolayer culture demonstrated their square or polygonal shape and their large vesicular nuclei with pronounced nucleoli, a granular cytoplasm, and sharply delineated cell borders (Fig. 1 inset) . Both mononucleate and binucleate hepatocytes were observed in the monolayer, but no attempt was made to quantitate their proportions in either early or late cultures.
The ultrastructure of hepatocytes in early and late cultures closely resembled that seen in vivo (Fig. 1A) . Structures resembling bile canaliculi occurred between adjacent cells, and desmosomes and tight junctions were observed at the plasma membranes that extended laterally from the canaliculi. The cells possessed a well-developed Golgi apparatus and numerous mitochondria; they contained variable amounts of glycogen; and their rough endoplasmic reticulum was preserved and, in some cells, was quite extensive. Lipid droplets and autophagic vacuoles were also seen, particularly in the late cultures. In sections cut perpendicularly to the mesh, the hepatocytes were found to have a cuboidal shape, and cells in late culture (days 7-10) frequently exhibited a progressive buildup of microfilaments at their apical cell surface but not at their lateral cell surfaces nor at their substratum surface (Fig. 1B) . Table 1 shows the production of serum proteins by hepatocytes on collagen gel/nylon meshes. Albumin release into the medium decreased with time, but immunoreactive "albumin" in the hepatocytes steadily increased from 0.08 + 0.02 (SD) ng/,ug of DNA on day 1 to 1.14 + 0.3 ng/,ug of DNA on day 9 . We have not determined, as yet, whether the increased amounts of "albumin" in the hepatocytes over time represents albumin, hepatocytes is shown in Fig. 2 . Enzyme specific activity was virtually absent in freshly isolated hepatocytes and was present in only very low amounts in cells maintained in culture for the first 2 days. Beginning at day 3, there was a significant linear increase in the 'y-glutamyl transpeptidase specific activity of the hepatocytes and, like the fetal and neoplastic liver enzyme and the adult rat kidney enzyme (26), the y-glutamyl transpeptidase activity of the hepatocytes in culture was stimulated 8-to 10-fold when the y-glutamyl group acceptor glycylglycine was present in the reaction mixture. The increase in 'y-glutamyl transpeptidase activity could be demonstrated with hepatocyes cultured in either L-15 or Hi/Wo/Ba medium and in medium with or without 5% fetal calf serum. In addition, no enzyme activity was detected in fresh medium, and only negligible activity was found in culture medium collected at 24-hr intervals during the indicated culture period. Fig. 3 shows the production of a1-fetoprotein by the hepatocyte cultures. a1-Fetoprotein could not be detected by radioimmunoassay in the culture medium or in the hepatocytes collected at 24-hr intervals during the first 4 days of culture. However, significant levels of a1-fetoprotein were measurable in the medium and in the cells during the last 5 days of culture. A preliminary cytoimmunofluorescence study has also shown that at least 8.0% of the total number of cells contained alfetoprotein on day 8 in culture.
The specific activities of fructose-bisphosphate aldolase and alkaline phosphatase in the hepatocytes in culture decreased over time ( Table 2) . As with normal liver, the aldolase of the cultured hepatocytes exhibited a fructose 1,6-bisphosphate/ fructose 1-phosphate specific activity ratio of 1 during the first 6 days of culture. However, at day 8 in culture, the substrate specificity of the aldolase was more like that of the fetal and neoplastic livers (1, 7) . On the other hand, the alkaline phosphatase of the cultured hepatocytes responded like the normal liver enzyme with respect to its inhibition by L-homoarginine.
DNA Synthesis in Cultured Hepatocytes. The incorporation of [3H]thymidine into DNA as a function of the age of the hepatocyte culture is shown in Fig. 4 
DISCUSSION
The collagen gel/nylon mesh support system represents an alternative to the floating collagen gel (8) and Millipore filter (27) substrata and, as such, provides a number of advantages over these two as well as the more conventional plastic (10, 28) and collagen-coated plastic surfaces (29) used to support rat hepatocytes in primary cultures. § Unlike the floating collagen gel, the collagen coated/nylon mesh does not shrink with time in culture, it is easier to handle than the thin flexible gels, and it allows for the rapid removal and separation of the hepatocytes from their collagen substratum with collagenase. The mesh system also permits direct microscopic observation of the cells in culture, and, like the floating collagenf gel and Millipore filter support systems, it extends the functional longevity of the hepatocytes in culture over those maintained under comparable conditions on plastic and collagen-coated plastic surfaces.
Hepatocytes in early and late mesh cultures possessed a complex ultrastructure that was identical to that reported for adult rat hepatocytes supported on floating collagen gels (31) . In this respect, the hepatocytes on the mesh exhibited morphological features that resembled to varying degrees those of both adult and fetal hepatocytes in vivo. The most dramatic ultrastructural change observed was the extensive buildup of microfilaments beneath the apical surface of the hepatocytes in late culture. A similar buildup of microfilaments at the cell periphery has been described for rat hepatocytes cultured on plastic surfaces (32, 33) but the complexity of the microfilament network was generally more pronounced in hepatocytes on the mesh than in those on plastic. The functional significance of this polarized accumulation of microfilaments in the cultured hepatocytes is unknown at present, but it is interesting that an increase in microfilaments has also been shown to occur in vivo in carcinogen-induced preneoplastic hepatocytes (34) , in § While this manuscript was in preparation, Cereijido et al. (30) hepatocytes during liver regeneration (35) , and in fetal liver hepatocytes (36, 37) . The most unique feature of the hepatocytes on the collagen gel/nylon mesh was their positive expression of fetal gene properties along with a concomitant increase in DNA synthesis. In this respect, the changes in y-glutamyl transpeptidase activity, a1-fetoprotein production, and aldolase substrate specificity simulated those exhibited by hepatocytes in vivo during various hepatoproliferative conditions. Recently, Leffert et al. (38) have independently described a liver cell culture system that, like the mesh system, displayed adult-to-fetal cell-like changes in apparent association with hepatoproliferative transitions. In comparison, the mesh/gel culture system exhibited kinetics for al-fetoprotein production similar to those found with this other system, and the alteration in the aldolase isozyme pattern of the hepatocytes on the mesh occurred at a time in culture similar to that shown by Leffert 
